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Preparation of peroxodisulphates by clectrolysis of mixed solutions of sulphuric acid and various
sulphates was studied at low degree of conversion; the partial polarization curves of peroxo-
disulphate formation and of oxygen evolulion obtained from the overall anodic polarization
curves and current yields of the principal anodic processes were examined. The mechanism of the
eflect of various cations on the rate of anodic formation of peroxodisulphates is discussed.

Since the first electrochemical preparations of peroxodisulphate ions as intermediate products
of electrochemical production of hydrogen peroxide it has been known! ™2 that the overall current
yields depend considerably on the kind and amount of cations present in the electrolyzed solu-
tion. In the early paper by Elbs and Schénherr® this eficct has only been stated, the highest
increase in the yicld having been observed for Al“. followed by K™, NHI, etc. The authors
admitted, however, that the effect of AI3* could be influenced by the Cl~ ions present in the
aluminium sulphate used. Miiller and Schellhaas®, working with supposedly highfy pure
chemicals, found approximately the same effect of APt K* and NHJ ions for the current
density j, = 0:5 A cm~2; the effect of other cations (H*, Na*) was appreciably lower, in ac-
cordance with the findings of Elbs and Schonherr®. The measurements of Essin and Alfimova®
indicate the order of efficiency roughly NH} ~ K* >Nat ~ A® *, whereas according to Mat-
suda’, the efficiency of the cations investigated by him decreases in the order K" > NH}’ >
>Nat >HY > Mg2* > Lit > APt > Cd?t > Fe*t > Ccu?t > Zn? ", practically inde-
pendently of the total current density in the region j, = 0:1—1:6 A ecm ™2 in solution of the total
composition cho‘x_ = 3-5moldm 3. Izgaryshev and Petrova® obtained the order of efficiency
NHf >K* >Nat >Li* >H" > Mg?* > Cd** > Co?* >AIPY > Zn? ¥, although the
quantitative effects of the various ions in different experimental conditions were somewhat
different. Recently the effect of cations on the kinetics and mechanism of formation of peroxodi-
sulphates has been studied by Chu Yung-chaog‘m, particularly for electrolysis of H,SO, -+
+ (NH,),SO, mixed solutions with different molar ratios. The latest results published are those
of Smit and Hoogland!!, according to which the sequence of univalent cation efficiency is Cs* >
>K*" >NH} >Nat ~ H'Y > Li*.

The hitherto published results concerning the effect of various cations are thus
mutually rather different, and moreover, they do not cover sufficiently the theoretical-
ly as well as technically interesting range of reaction conditions; also, the explanation
of the effects is not uniform. Earlier works®~7 ascribed the effect of various cations
to an unspecified catalytic effect on the course of the anodic and chemical processes in-
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volved. Izgaryshev and Petrova® pointed to a possible relation between the effect of the
cation on the current yields of peroxodisulphatesand its hydration energy, although the
interpretation suggested is correct enough. More recent works®™*! use rather the
concept of specific adsorption of the cations on the oxidized surface of the platinum
electrode at high anodic potentials; this concept has also been employed to
explain the effect of cations on the oxygen evolution rate'?~*¢ (which in fact is a pro-
cess occurring simultaneously during the anodic formation of peroxodisulphates)
as well as on other electrode processes at high anodic potentials'”. In order to make
this problem clearer we carried out some measurements which are the subject of the
present paper.

EXPERIMENTAL

Apparatus and working procedure: The effect of cations on the initial rate of formation of peroxo-
disulphates was investigated by means of the same apparatus as used in our previous work '8,
the measurement principle being the same too. The stationary anodic polarization curves in the
potential region of formation of peroxodisulphates were determined by the potentiostatic method
using a potentiostat Wenking ST 72; in order (o maintain a low degree of conversion of sul-
phate to peroxodisulphate ions, the solution electrolyzed was replaced by a fresh one without
interrupting the polarization. The rate of the simultaneous oxygen evolution on the platinum
electrode was measured and the current yields of oxygen and of peroxodisulphates were calculated
under the simplifying assumption that the rate of formation of ozone in the cxperimental condi-
tions applied was negligible!®. The low degree of conversion maintained warranted the assumption
that all peroxo compounds present in the solution were peroxodisulphates. The anodic potential
was corrected for the IR drop between the electrode surface and the orifice of the Luggin capil-
lary, determined by the interruption technique by means of an oscilloscopczo. The current densi-
ties refer to the actual surface of the smooth platinum anode, whose roughness factor was
on average 15 4 0-07. This enabled the overall polarization curves to be rcsolved into the
partial polarization curves of oxygen evolution and peroxodisulphate formation, which form
a basis of the subsequent evaluation of the effect of the cations examined on the two principal
anodic processes.

In most cases, this effect was investigated by electrolyzing mixed solutions of the total con-
centration 5M-H,S0, + 1M-M,SO, (M is the cation), provided that the sulphate was sufficiently
soluble; K,SO, and Rb,SO, were added in 0-8M concentration, low soluble sulphates in 0-1m
concentration, and in the case of HgSO, and Hg,SO, as low additions of the sulphates as 0-01m
were used. In this manner, the effect of H¥, Li*, Na*, NH{, K*, Rb*, Cs*, Cd®*, zn?",
Hg?*, Hg3™, AI®* and La®* ions was examined. The measurement temperature was 25°C.

The solutions to be measured were prepared from sulphuric acid reagent grade purily, distilled
water, and from the sulphates of interest, reagent grade purity, which had been either recrystal-
lized or evaporated with sulphuric acid to remove traces of chlorides, which could distort the
effect of the cations.

RESULTS

The overall polarization curves and the partial polarization curves for the formation of
peroxodisulphates (S,03 -HSOj3) for some of the systems measured, SM-H,S0,~
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-1M-M,SO,, are shown in Fig. 1. The curves confirm the finding that a transition
region appears on the overall polarization curves at potentials above 2-2 V (R.H.E.)
where the Tafel’s relation cannot be applied. The partial polarization curves of oxygen
evolution (not shown in Fig. 1) have a similar course. In contrast to this, the partial
polarization curves of formation of peroxodisulphates obey the Tafel’s relation
also in this transition region up to the potential of approximately 3 V; in the region
of higher potentials, departures from this relation occur in this case too.

The lowest curves (1 and 1, resp.) in Fig. 1 refer to sulphuric acid alone; they
practically coincide with those obtained with solutions containing Cd** or Zn?* ions.
Partial substitution of H* ions by univalent alkali metal and ammonium cations
results in increase of the anodic potentials in the examined region of current densi-
ties, but no unambiguous relation between this increase and the characteristic pro-
perties of cations could be traced. Also, different ions were found to exert the maxi-
mum effect on the shift of the overall polarization curve in different current density
regions.

Fig. 2 demonstrates the dependence -of the current yields of peroxodisulphates,
measured at the quasi-steady state of the electrode'8, on the overall anodic current
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density for the same solutions as in Fig. 1. Obviously, the dependences are alike;
a maximum appears either distinctly in the current density region measured, or it can
be supposed to occur at slightly higher densities than as could be measured with the
apparatus employed. As regards the maximum current yields attained, the order
of efficiency of cations is Cs* > Rb* > K* > NHfH* > Li =2 Na < Cd = Zn was
found. It was further shown that the current density at which the maximum yield is
achieved was found to be the Jower, the more cfficient is the cation, i.e. the higher
is the maximum current yield.

The effect of higher relative concentrations of cations on the current yields of per-
oxodisulphates was measured on the system involving ammonium ions, where the
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solubility of both the sulphate and the peroxodisulphate is high enough?! and
which is also the most important from the technical point of view!™3. The total
concentration was 6 mol dm™2, the sulphuric acid-to-ammonium sulphate molar
ratios were P, = 5, 2, or 1. Solutions with lower P, values were not examined,
because in technical continuous processes only solutions with P, > 1-0 are applied' ~*.

The overall anodic polarization curves and the partial polarization curves for the
formation of peroxodisulphates are shown for these solutions in Fig. 3, the de-
pendence of current yields of peroxodisulphates on the current density is depicted
in Fig. 4. It can be seen that the increase of current yields of peroxodisulphates
with the increasing relative content of ammonium ions (i.e., with decreasing P,
ratios), which has been known to occur, is due to the increase in the oxygen over-
potential as well as to the speeding up formation of the peroxodisulphate ions. This
is associated with the fact that with the increasing content of ammonium ions, the
partial anodic polarization curve of oxygen evolution shifts towards higher potentials,
while the polarization curves of formation of peroxodisulphate ions are shifted
in the opposite direction. In this sense, our results confirm those obtained by Chu
Yung-chao'® for the electrolysis of solutions with the total concentration of the sul-
phate ions ¢y 50, + CnHayss0, = 4 mol dm™3,

From the point of view of the effect of cations on the shift of the polarization
curves, the behaviour of lithium ions is of interest; they bring about a shift in the
positive direction of the polarization curves of both oxygen evolution and peroxo-
disulphate formation (Fig. 1), so that the current yields of peroxodisulphates even
at considerably more positive potentials are lower than in solution of pure sul;;hijric
acid (Fig. 2).

The results obtained with lower soluble sulphates are represented in Table I
by the maximum peroxodisulphate current yields attained; for cation concentration
0-1 mol I, the current density corresponding to the maximum yields was approxima-
tely 2 A cm™ % in all cases. Results for solutions of 5M-H,SO, + 1M-M,SO, are given
for a comparison too. The effect of positively acting cations is seen to lower with their
decreasing concentration. It was interesting to find that at the concentration 0-1 mol .
.dm™3, the second highest activity — after Cs* — was exhibited by La®>* ions. On the
other hand, no positive effect could be traced for AI** ions, which indicates the in-
correctness of the early data®® and confirms the more recent findings”® that this
effect exerts no or a negative effect.

DISCUSSION

The results of our measurements first of all supply complementary data concerning
the effect of the cations in question on the initial current yields of peroxodisulphates
over the entire technically interesting current density region j, = 0:1—2:0 Acm™?2
and for sufficiently concentrated solutions of sulphuric acid and the corresponding
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sulphates. Smit and Hoogland'! have examined the effect only at j, = 1-0 A ecm ™2,
Tzgaryshev and Petrova®, in contrast, applied technically too high current densities.
ja = 2-6 A cm~% Moreover, the quantitative results obtained by different authors
in comparable conditions are rather different*:”,

The effect of positively acting cations at a given temperature and total solution
composition was found to depend also on the overall current density j, or the anodic
potential E,, which was not clearly apparent from the earlicr works. For this reason.
no unique order of efficiency of the cations can be given. At the same time, the fact
that the current yields of peroxodisulphates grow with increasing relative content
of the positively operating cations*” has been confirmed.

The results as a total can be used for discussion of the current views upon the cause
of the cation effect as observed. These views can be divided into thrce groups as fol-
lows: a) the cations exert an unspecified catalytic effect® ~7; b) the different hydration
of the cations affects the degree of hydration of the sulphate anions and thereby
also the rate of their discharge to the peroxodisulphate ions®; ¢) the different ad-
sorption of the cations on the oxidized surface of the platinum anodc affects the
rate of discharge of the sulphate ions from the outer Helmholtz layer with the forma-

TaBLE [
Maximum Current Yields of Peroxodisulphates xg,oq,2- and the Corresponding Current
Densities j, max for Electrolysis of Mixed Solutions of 5M-H,SO, 4 IM-M,SO, (solution /) and
5M-H,SO, + 0-1M-M,SO, (solution II) at 25°C

Solution / Jx,max Solution 11°
Cation 2(S,087) Acm 2 2(8,087)

% %
H* 30 16 28
Li* 30 2:0 28
Na* 27—30 2:0 25
NHF 37 10 30
K* 45° 125 30
Rb* 51° 10 33
Cst 55 0-6 36
ca?t 25 2:0 25
Zn2* 25 2:0 25
Hg?* — - 20°¢
APt - - 25
La3* — — 35

@Aty max = 2 Acm™ % P 5M-H, S0, + 0-8M-M,S0y; © SM-H,SO, + 0-01M-HgSO,.

Collection Czechoslov. Chem. Commun. [Vol. 45] [1980]



2278 Balej, Kaderavek :

tion of peroxodisulphates'®!!. Although the various explanations rely on apparently

quite dissimilar phenomena and the previous authors considered always only one
of them, we consider them to have a common basis, which can be deduced from the
present-state knowledge of the properties and behaviour of the interface between
the Pt anode and the concentrated mixed aqueous solutions of sulphuric acid and
the various sulphates at high anodic potentials.

First of all, we must bear in mind that two principal independent processes occur
on the smooth platinum anode, viz. evolution of oxygen (partly ozonized) and forma-
tion of peroxodisulphate ions. The two processes are differently affected by increasing
the relative concentration of the positively acting cations, as the rate of oxygen
evolution decreases, while the rate of peroxodisulphate formation rises. For a quanti-
tative explanation of this effect, the composition of the electric double layer at the
existing reaction conditions must be recognized in sufficient detail. Although some
progress has been made recently, our knowledge concerning the region of high
anodic potentials must be regarded as insufficient, particularly in view of the high
number of simultaneously operating factors.

Radioisotope investigations have evidenced that in the region of high anodic
potentials, both anions or anion-radicals and cations are adsorbed to a considerable
extent?2:23, It is interesting that up to approximately 2:6 V the potential regions
of adsorption maxima of the cations and the anions alternate. For the region of still
higher potentials, which is the most interesting from the point of view of the maximum
peroxodisulphate yields, data concerning the adsorption of cations are so far lacking;
the existence of this adsorption has been, however, corroborated by double layer
capacity measurements'”’,

The simultaneous adsorption of cations and anions on the oxidized platinum
anode has been explained'®:'! in terms of formation of a first layer of strongly
sorbed anions or anion-radicals, which to an extent displace the sorbed molecules
of water. This sorbed anion layer is supposed not to take part in the subsequent
process of anodic formation of peroxodisulphates. The cations, occurring in the
solution in hydrated state, are sorbed secondarily on this first anion layer and are
assumed to enhance the , potential at the electrode. This adsorption enables
formation of ionic bridges between additional anions, thereby accelerating the anodic
discharge of the anions with the formation of peroxodisulphates. This effect is in fact
analogous to the effect of cations on the rate of homogeneous chemical reaction
between peroxodisulphates and other anions in solution?*:2%.

According to Frumkin'4, the adsorbed cations slow down the oxygen evolution
by strengthening the bond of surface chemisorbed oxygen films, which are inter-
mediate product of oxygen evolution. Smit and Hoogland'' do not agree with this
view and offer another explanation; they also pointed at the possibility of affecting the
activity of water in the by-electrode layer by the cations present, whose hydration
degree decreases with increasing atomic radius.
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In our opinion, the fact that positively acting cations affect the peroxodisulphate
formation and the simultaneous oxygen evolution in opposite directions, rests
in their secondary adsorption made possible by the primary adsorption of anions
or anion-radicals on the platinum anode coated with oxide films. The cations probably
do not turn completely dehydrated during this adsorption. The resulting cffect
depends on their effective ionic radii, including also the molecules of hydration water,
and on the charge density, which is inversely proportional to the cation radius.

The increase in the rate of peroxodisulphate formation brought about by the low-
-hydrated cations (Cs*, Rb*, K*, NH ') with lower ionic radii can be explained so that
owing to their secondary adsorption and ionic bridge formation-they are able to draw
another layer of anions to a closer vicinity of the platinum anode and thus to ac-
celerate their discharge. At the same time, because of their Jower hydration these
cations introduce a lower number of water molecules into the outer Helmholtz
layer and thereby make the evolution of gaseous oxygen more difficult. According
to this concept, a dominant part of gaseous oxygen is really formed on account
of discharge of water molecules, and the participation of anion discharge in the
oxygen evolution at high anodic potentials is rather low, as has been also confirmed
by analogous measurements by means of '®O in perchloric acid solutions®®.

Cations hydrated to a higher degree (e.g., H*, Li*, Mg?*, Cd**, Zn?*, AI**),
being rather bulky, are adsorbed on the oxidized surface of the anode to a lesser
extent, in spite of the higher total charge in the case of the di- and trivalent jons; thus
their ability to accelerate the anion discharge via the ionic bridges is reduced. On the
other hand, they introduce a considerably higher amount of water into the by-elec-
trode layer owing to their high hydration, whereby the oxygen evolution is favoured.
Inasmuch as these cations are more hydrated than the H™ ions, the former bchave
as negatively acting components with respect to the peroxodisulphate formation.
Thus the effect of these negatively acting components, ascribed formerly to their
catalytic activity® 7, can be explained in a unified manner.

The above concept is supported by Fig. 5, showing the relation between the maxi-
mum current yields of peroxodisulphates in the solutions I and IT and the hydration
number, hydration enthalpy or Gibbs energy of the cations concerned?”~??. In fact,
these values pertain to dilute solutions and the actual hydration numbers in the con-
centrated mixed solutions of interest in the vicinity of the anode polarized to a high
potential will obviously be rather different, still some relations can be assumed to be
preserved. Really, Fig. 5 demonstrates that the maximum current yields of peroxo-
disulphates roughly decrease with increasing hydration parameters of the cations
involved, especially in the case of alkali metal and ammonium cations. This can be
ascribed to the fact that in the case of these cations, whose hydration numbers are
appreciably lower than those of the other cations pursued, the first coordination
sphere is not completely occupied by water molecules, particularly in more concentrat-
ed solutions. As a consequence, even low absolute differences between the hydration
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numbers are in this case reflected by the two independent anodic precesses to an ap-
preciably higher extent than with the other cations, whose hydration numbers are
considerably higher, largely surpassing the coordination numbers of the first co-
-sphere. Such highly hydrated cations promote particularly the discharge of water
molecules with the formation of gaseous oxygen, the current yields of peroxodisul-
phates are lower than in pure sulphuric acid, their dependence on the hydration
number or hydration Gibbs energy, however, is not very marked (Fig. 5). For a quanti-
tative interpretation of the dependences observed, series of additional measurements
would be necessary, particularly those related to the adsorption of the various cations
on the oxidized surface of the platinum anode and the degree of their hydration
in the reaction conditions applied.

The variations in the order of efficiency of positively acting cations with resepect
to the current yields of peroxodisulphates that were observed on changing the overall
current density j, (Fig. 2) or the anodic potential are reminiscent of the varying
effect of alkali metal ions on the oxygen overpotential in sulphuric acid solutions
with changing activity of water!?:!, Within the concept suggested, this analogy
is straightforward, since changes in current density or anodic potential are accom-
panied by changes in the adsorbed amount of the hydrated cations and thereby
in the activity of water in the by-electrode layer, from which gaseous oxygen evolves.

The shift of the partial polarization curves of peroxodisulphate formation ac-
companying the increasing relative content of positively acting ions (for instance,
NHJ, see Fig. 3), regarded as an evidence of the accelerating effect of the cations
on the formation of S,05 ions is, however, at least partly due to the shift of the
equilibrium potential of the system in the same direction. In fact, the substitution
of a portion of H,SO, by the corresponding amount of (NH,),SO, brings about
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an increase in the actual concentration of SO3~ ions, whose discharge and dimeriza-
tion results in a considerably faster formation of the S,03~ ions than the discharge
of the HSOj ions, predominating in sulphuric acid solutions'®.

Assuming that the overall degree of conversion to peroxodisulphate ions is con-
stant, whereby the peroxodisulphate concentration is constant too, and that the activ-
ity coefficients of the various ions in the electrolyzed solutions of the same total
concentration are also constant, the equation for the equilibrium potential of forma-
tion of peroxodisulphates at 25°C (ref.>°),

E = 2010 + 0:0295 log (as,0:-/aZo:-) » (1)

can be rewritten as

E = const — 0-059 log ¢so,:- (2)

where the concentration term refers to the actual concentration of sulphate ions in the
solution electrolyzed; these values for mixed concentrated solutions of sulphuric
acid and ammonium sulphate are so far unknown. Under the simplifying assumption
that the actual concentration of the sulphate ions can be equated with the ammonium
sulphate concentration, the equilibrium potentials of the systems of initial composi-
tions 2M-(NH,),SO, + 4M-H,SO, and 3M-(NH,),SO, + 3M-H,SO, can be ex-
pected to be approximately 18 mV and 28 mV, respectively, more negative than the
potential of the system of the initial composition 1M-(NH,),SO, + 5M-H,SO,,
for the same, very low degree of conversion. The observed differences, however,
were as high as 32 to 44 mV and 45 to 65 mV, respectively (the values varied ac-
cording to the current density applied). Chu Yung-chao'® has found a shift of ap-
proximately 50 mV between the polarization curves pertaining to solutions of 3M-
-H,S0, + 1M-(NH,),SO, and 2M-H,SO, + 2M-(NH,),SO, for electrolysis tem-
perature 7°C. Thus in all cases the observed shifts of the polarization curves are
approximately twice as high as the theoretical values resulting only from the changes
in the equilibrium potentials brought about by the changing actual concentration
of the more rapidly discharging SO;~ ions. This gives evidence that the positively
acting cations, being adsorbed on the platinum anode, not only enhance the oxygen
overpotential, but also really accelerate the anodic discharging of sulphate ions
with the formation of peroxodisulphates.

In a sense, the role of Li* ions is exceptional, since in the reaction conditions
used they relatively raise both the oxygen overpotential and the peroxodisulphate
formation rate. The resulting current yields of peroxodisulphates are somewhat
lower than in pure sulphuric acid. This is analogous to the anomalous behaviour of
Li* ions in a number of other systems and reactions, supporting data for a reliable
explanation of this effect are, however, lacking.
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